Introduction {#Sec1}
============

With over a decade of research and exploration, polydopamine (PDA) has been found to possess multiple interesting properties such as capabilities of universal coating and self-assembly in alkaline solutions^[@CR1]^. Thanks to its catechol functional groups, PDA can form coordination bonding with metal ions, especially with transition metal ions^[@CR2]^. A handful of studies have reported making metal-PDA (M-PDA) composites from PDA materials containing Fe^3+^, Ag^+^, Au^3+^, Pd^2+^, Co^2+^, Cu^2+^, Ni^2+^, W^6+^, and etc.^[@CR3]--[@CR8]^. Direct reduction of noble metals such as Ag, Au, and Pd have been demonstrated without the addition of other reductants^[@CR5],\ [@CR9],\ [@CR10]^. Although non-precious metal ions cannot be reduced by PDA alone, other methods were applied. Heat treatment was usually used in these processes to convert metal ions to metals or metal oxides. On the other hand, electron beam reduction employed in our previous work highlighted a potential method for in-situ metal ion reduction^[@CR11]^.

Carbonization of PDA in inert atmosphere can convert insulating PDA into electrically conductive cPDA^[@CR12]^. The highest electrical conductivity reported^[@CR13]^ is 2.6 × 10^5^ S/m and this conductivity is similar to or even higher than reduced graphene oxides. Li et al. ^[@CR14]^ have successfully fabricated wafer-scale cPDA transferred onto a soft substrate which could be potentially used to make flexible electronic circuits and sensors. In addition, our previous research^[@CR15]^ found that annealing the metal-doped PDA not only converted PDA into conductive cPDA, but also converted metal-ions into nanoparticles (NPs). One potential application of such supported metal NPs is catalyst for chemical reactions, such as water splitting.

Electrochemical water splitting has attracted much attention for hydrogen production owing to its abilities to produce high-purity hydrogen which can be used as a renewable energy storage media with zero carbon emission when consumed. The best performing single-phase element catalyst for hydrogen evolution reaction (HER) is Pt, which is not economically attractive for commercialization. Researchers have been focused on improving the overall efficiency of catalysis while reducing cost by employing methods such as reducing the size or dimension of the materials^[@CR16]^, attaching catalysis to porous substrates, alloying Pt with non-precious metals^[@CR17]^, and replacing Pt with non-precious metal alloys^[@CR18]^. While many studies have focused on the catalytic performance characterization (i.e. their over-potential and degradation), optimization for the commonly used fabrication method, which employs Nafion™ as a conductive binder to bind metal NPs onto conductive substrates, still demands improvements.

In search of new support materials for active nanoparticles, we utilized PDA's universal adhesive property and its chemical versatility to form coordination bonds with metal cations to synthesize self-supported metal NPs catalysis for HER. Literature studies showed that carbonized PDA exhibited good catalytic performance in HER and oxygen evolution reaction likely due to its high surface area and abundant exposed active sites resulting from its porous structure^[@CR19],\ [@CR20]^. Another study showed PDA coating also helped to protect the metal NPs supported on the carbon nanohorn (CNH) and increased their stability^[@CR21]^. In this work, Pt NPs with uniform distribution were directly reduced onto the conductive substrate. HER performance was compared against commercially available Pt/C powder mounted onto glassy carbon electrodes. Results illustrate our novel processing method as a simplified approach without sacrificing the performance. The new processing method was further extended to synthesize Cu, Ni, and Cu-Ni alloy NPs in thin films and powders of M-PDA. Their morphology and structure were studied, and their HER performance was also measured and discussed.

Experimental methods {#Sec2}
====================

Synthesis of metal NPs on PDA materials {#Sec3}
---------------------------------------

To make Pt samples, PDA coating on graphite rods (99.9995%, Alfa Aesar, Haverhill, MA) was first synthesized and washed. PtCl~4~ powder (\> 99.9%, Sigma-Aldrich, St. Louis, MO) was dissolved in deionized (DI) water. The coated graphite rod was then immersed in 50 mM PtCl~4~ solution for 3 h. The PDA coating would directly reduce the Pt^4+^ ions into Pt NPs, which remained on the PDA coating. The product was then heat treated at 800 °C using the same procedure as previously described \[[@CR12]\].

Cu, Ni, and bi-elemental alloy attached to PDA were synthesized in two steps. Step one consisted of adding 1:1 molar ratio of metal chlorides (Sigma-Aldrich, St. Louis, MO) and dopamine hydrochloride (99%, Alfa Aesar, Haverhill, MA) into 50 mL of 50 mM TRIS buffer (pH adjusted to 8.5, Thermo Fisher Scientific Inc., Waltham, MA). Substrates to be coated were submerged into the solution. Typical synthesis process would last for 24 h. Powder samples were collected by centrifugation. Both coated substrates and powder were rinsed three times and then dried in an air oven at 50 °C overnight. In step two, dried coatings and powders were heat treated under N~2~ environment at 600 °C, 800 °C, 1,000 °C for 1 h in a tube furnace.

Structural and chemical characterization {#Sec4}
----------------------------------------

Scanning electron microscopy (SEM, 10 kV, FEI Quanta450 FEG SEM, FEI Inc. Hillsboro, OR) was used to characterize the surface of coated graphite rod and transmission electron microscopy (TEM, 120 kV, JEM-1400, JOEL, Tokyo, Japan) was used to characterize the NPs on the annealed M-cPDA powder. In-situ X-ray diffraction (XRD, X'Pert Pro, Malvern PANalytical Ltd., Malvern, United Kingdom) was employed to conduct diffraction scans while heating up the powder samples. The temperature ranged from 50 to 850 °C with 5 °C steps. The XRD scan was conducted in the 2θ range between 40° and 50°, which contained the (111) peaks for Cu and Ni. Inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900, Agilent Technologies, Santa Clara, CA) was used to quantify the metal content in the powder samples.

Catalytic performance study {#Sec5}
---------------------------

Coated graphite rod samples were directly connected to the testing circuit and tested without further treatment after thermal annealing. However, only 15 mm of the rod was immersed under electrolyte to ensure consistent testing surface area. For comparison, powder samples were deposited on 3-mm diameter glassy carbon electrodes. Ten milligram of powder sample was mixed with 20 μL of Nafion™ binder, 5 mL water, and 5 mL alcohol with ultra-sonication. The mixed suspension was then drop-cast onto the electrodes using a pipette and dried in the oven. Commercially available Pt/C powder (Pt size \~ 3--4 nm, 40%, FuelCellStore, College Station, TX) was also tested in this study. M-cPDA powder fabricated by the previously mentioned method was used as a comparison to coated M-cPDA samples.

To evaluate the electrochemical behavior, current--voltage scans were conducted using an electrochemical workstation (Versastat 3, Ametek, Berwyn, PA) between 0 and −1 V with a scan rate of 0.005 V/s. Tests were conducted in sulfuric acid solution with a pH value of zero. Graphite rods and Ag/AgCl electrodes were used as the counter and the reference electrodes, respectively. To ensure the repeatability, at least three individual samples were tested for each type of materials.

Results and discussions {#Sec6}
=======================

SEM analysis (Fig. [1](#Fig1){ref-type="fig"}a) showed that PtCl~4~ was successfully reduced to Pt NPs by the PDA thin film without heat treatment or addition of other reductants. Pt NPs decorated on the PDA film were uniform with an average diameter of around 20 nm while the commercial Pt/C powder contained 3--4 nm Pt nanoparticles. It is well known that the smaller the size of the active particles the better their performance is, as more surface area will be available for catalytic reactions. Therefore, reducing the particle size, even to single atoms, will enhance the Pt performance^[@CR22],\ [@CR23]^.Figure 1(**a**) SEM image of Pt-PDA coated on graphite rod; (**b**) catalytic performance of various samples (Pt-PDA, thermally annealed Pt-PDA, and commercial Pt/C) in pH = 0 sulfuric acid solution against Ag/AgCl electrode.

The HER performance of Pt-PDA against Ag/AgCl reference electrode is shown in Fig. [1](#Fig1){ref-type="fig"}b. All Pt-PDA samples showed lower overpotential at 10 mA/cm^2^ compared to the fabricated sample using commercial Pt/C powder. This may be attributed to the lesser thickness of the PDA film than the commercial Pt/C coating, which in turn resulted in low electrical resistance that is also important for catalytic performance. However, the Pt/C sample outperformed the Pt-PDA samples at higher current densities possibly because the smaller Pt particle size (3--4 nm) in the commercial paste than that obtained in our Pt-PDA sample (\~ 20 nm). The overpotential of the Pt-PDA sample thermally annealed at 800 °C (245 mV at 10 mA/cm^2^) and was slightly higher than the sample without thermal treatment (236 mV at 10 mA/cm^2^). Although thermal annealing could reduce the electrical resistance of the PDA film through carbonization, it caused cracks in the PDA films due to thermal shrinkage which could lead to performance degradation.

Although Pt and other precious metal have outstanding performance as HER catalysts, their cost is a major concern in large-scale applications. In pursuit of less expensive alternatives with good HER efficiency, more abundant transition metal elements such as Ni, Cu, and their alloys have attracted much attention in recent years. For example, studies by Nady et al. had shown that the Ni-Cu alloy electroplated on Cu foil had better HER performance than their single element counterparts^[@CR24]^ as alloying roughened the particle surface therefore increased the overall surface area of the metal cluster. On the other hand, our previous studies showed that transition metal nanocrystals could be fabricated by electron beam irradiation of metal-ion-containing PDA^[@CR25]^. Therefore, the performance of Cu-PDA, Ni-PDA, and Cu--Ni-PDA as potential HER catalysts was evaluated in this study.

Cu, Ni, and Cu--Ni metal NPs were observed in powder samples after heat treatment at 600 °C and greater. As shown in Fig. [2](#Fig2){ref-type="fig"}, as annealing temperature increased, metal NPs appeared and merged into larger particles. This phenomenon was also observed in M-PDA samples from our previous study^[@CR15]^. After heat treatment at 600 °C, the average size of Cu NPs was approximately 50 nm which increased to as large as 500 nm after heat treatment at 1,000 °C. In addition to equiaxed particles, nanorods were also observed in the Cu-PDA samples. In contrast, the size of Ni NPs was about 5 nm after heat treatment at 600 °C, which grew to approximately 100 nm after heat treatment at 1,000 °C. The CuNi-PDA samples showed a bimodal distribution of NPs with both large and small particles presented, which could be Cu and Ni NPs, respectively. Heat treatment at a higher temperature seemed to affect the stability of the metal NPs, such that the total number of NPs and their overall volume were reduced.Figure 2TEM images of Cu-PDA thermally annealed at (**a**) 600 °C, (**b**) 800 °C, (**c**) 1,000 °C; Ni-PDA thermally annealed at (**d**) 600 °C, (**e**) 800 °C, (**f**) 1,000 °C; and CuNi-PDA thermally annealed at (**g**) 600 °C, (**h**) 800 °C, (**i**) 1,000 °C. SEM images of M-PDA samples coated on graphite rods containing (**j**) Cu, (**k**) Ni, and (**l**) Cu--Ni NPs.

For M-PDA coated on graphite rods, Cu and Ni NPs were also observed. At 600 °C, Cu and Ni NPs were evenly distributed across the surface and it was similar to samples heat-treated at 800 °C (Fig. [2](#Fig2){ref-type="fig"}j, k). However, when heat-treated at 1,000 °C, Cu NPs merged into larger particles, which was similar to that observed on powder samples (Fig. [2](#Fig2){ref-type="fig"}c). Different from powder samples, bigger particles as large as 1 μm were observed on coated Ni-PDA film samples at 800 °C as shown in Fig. [2](#Fig2){ref-type="fig"}k. Furthermore, the increased intensity of the D and G peaks in the Raman spectroscopy profiles of M-PDA after the heat treatment clearly indicated the transition of PDA to carbonized PDA (Figure [S4](#MOESM1){ref-type="media"}), which in turn enhanced the electrical conductivity^[@CR12]^ and thus the overall catalytical performance.

Although many studies have focused on the structure of PDA^[@CR26],\ [@CR27]^, knowledge gaps still remain regarding the structure of metal-ion containing PDA materials. It has been shown that Cu^2+^ and Ni^2+^ were likely to form mono- or bis-catecholate with catechol groups^[@CR28]^. In this study, ICP-MS was used to study the concentration of metal ions within the M-PDA system and determine M-PDA molar ratios. (Table [1](#Tab1){ref-type="table"}). Assuming molar weight of each dopamine unit in PDA remains consistent, we could roughly calculate the molar ratio between metal ions to DA unit in M-PDA sample. For the Cu-PDA powder, Cu takes 6.5% of the total weight which roughly converted to a molar ratio of 1:6.11 for Cu to PDA. For the Ni-PDA powder, Ni takes 12% of the total weight and converted to a molar ratio of 1:2.78 for Ni to PDA. This result is similar to literature findings reported by Gianneschi's group^[@CR29]^, who found Cu weighs 8.0% (or 1:4.8 in terms of molar ratio) and Ni weighs 13.4% (or 1:2.5 in terms of molar ratio). Also, it is noteworthy that for the CuNi-PDA sample, Cu corresponded to 11.5% of the total weight with a metal-to-PDA ratio changed to 1:2.79, which is similar to the Ni:PDA ratio in the Ni-PDA sample (Table [1](#Tab1){ref-type="table"}). In contrast, Ni only comprised 0.7% of the total weight in CuNi-PDA sample resulting a dramatic decrease in the Ni:PDA molar ratio of 1: 53.65. This implies that the majority Ni^2+^ ions were not incorporated in the PDA matrix. It is possible that when both Ni^2+^ and Cu^2+^ ions were present, Ni^2+^ first reacted with PDA to form Ni-PDA complex with an ion to PDA ratio of \~ 1:2.8. Then the Cu^2+^ ions substituted the Ni^2+^ with the same metal ion to PDA ratio. Literature findings report that when forming bio-complex coordination, Ni^2+^ exhibited higher activity while Cu^2+^ was more thermodynamically stable^[@CR30]^, which could lead to the replacement of Ni^2+^ by Cu^2+^.Table 1ICP-MS results of metal to PDA molar ratio in M-PDA.SampleCu-PDANi-PDACuNi-PDAMetal typeCuNiCuNiWeight percentage (wt.%)6.513.411.50.7Metal to PDA ratio1:6.111:2.781:2.791:53.65

In-situ XRD was used to study the phase evolution in metal-PDA composites (Fig. [3](#Fig3){ref-type="fig"}). For Cu-PDA, the (111) peak at 2θ = 43° first appeared at 350 °C. For Ni-PDA, the (111) peak at 2θ = 44° first appeared at 380 °C. For the CuNi-PDA sample, a peak first appeared at 400 °C, which could be related to the precipitation of Cu. A second peak emerged at 450 °C, indicating the formation of Ni, which is believed to be an alloying phase between CuNi. As the temperature increased, the Cu peak at 43° decreased and the alloy peak at 43.5° increased. Above 600 °C, only the alloy peak could be observed^[@CR31]^. This experiment showed that coordinatively bonded Cu and Ni ions in PDA could form alloys after thermal annealing.Figure 3Temperature dependent in-situ XRD results for (**a**) Cu-PDA, (**b**) Ni-PDA, and (**c**) CuNi-PDA. (**d**) XRD peak of Cu, Ni, and CuNi-PDA annealed at 800 °C.

Figure [4](#Fig4){ref-type="fig"} shows the I--V curves of the metal-PDA samples against the Ag/AgCl reference electrode. For all types of samples, those thermally annealed at 600 °C had similar overpotential comparing to samples annealed 800 °C. However, significant increase in overpotential was observed in 1,000 °C samples. This could be due to the growth of metal NPs leading to reduced surface area (Fig. [2](#Fig2){ref-type="fig"}c, f, i). Cu-PDA on graphite annealed at 600 °C, 800 °C, and 1,000 °C with an overpotential of 555 mV, 592 mV, and 599 mV, respectively at a current density of 10 mA/cm^2^ (Fig. [4](#Fig4){ref-type="fig"}a). On the other hand, Ni-PDA showed a better performance of 423 mV, 400 mV, and 581 mV (Fig. [4](#Fig4){ref-type="fig"}b). Cu--Ni alloy sample yielded better performance than their single-element counterparts with overpotentials of 421 mV, 415 mV, 541 mV (Fig. [4](#Fig4){ref-type="fig"}c). The conductivity of carbonized PDA increases with annealing temperature^[@CR12]^, and should result in a reduced overpotential, NP growth, and the reduction of surface area at higher temperature would lead to an increase in the overpotential. In addition to the growth of the NPs, the cracking in the PDA film induced by thermal shrinkage could also reduce its electrical conductivity and thus increase the overpotential. In comparison to the Pt/C and Pt-PDA samples included in this study (Fig. [1](#Fig1){ref-type="fig"}) and the literature data on Pd-PDA/CNH^[@CR21]^, the Cu-PDA, Ni-PDA, and Cu--Ni-PDA showed higher overpotential at 10 mA/cm^2^, which may be attributed to the lower catalytic activities of the transition metals than the precious metals. Nevertheless, our results showed these transition metal nanoparticles supported on PDA films possessed certain catalytic activities, which could be further improved in the future.Figure 4HER catalytic performance in pH = 0 sulfuric acid solution against the Ag/AgCl electrode. (**a**) Cu-PDA, (**b**) Ni-PDA, (**c**) CuNi-PDA. Samples were directly coated onto graphite rods and annealed at different temperatures.

Conclusions {#Sec7}
===========

In this work, metal nanoparticles (NPs) were synthesized on polydopamine (PDA) supports. Platinum (Pt) was successfully reduced from Pt^4+^ by PDA without additional reducing agent. The resultant Pt NPs were evenly distributed on the PDA support and showed comparable catalytic performance to commercially used Pt/C in hydrogen evolution reaction. In addition, Cu, Ni, and Cu--Ni alloy NPs supported on PDA were synthesized with the assistance of thermal annealing and also demonstrated catalytic activities in HER. This work demonstrated the facile PDA synthesis strategy employing PDA could be used to synthesize metal NPs with catalytic activities. Furthermore, our results confirmed that PDA could be used as a platform to synthesize bimetallic alloys, such as Cu--Ni.
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